. From a clinical point of view, the Familial arrhythmogenic right ventricular cardio-onset of ARVD is usually characterized by ventricular myopathy or dysplasia (ARVD) is an idiopathic heart arrhythmias of right ventricular origin and sometimes muscle disease with an autosomal-dominant pattern by symptoms of right heart failure (Pinamonti et al., of transmission, characterized by fibro-fatty replace-1992). Depolarization and repolarization changes, such ment of the right ventricular myocardium and ventric-as inverted T waves in right precordial leads, epsilon ular arrhythmias. Recently, linkage to the chromo-waves, and late potentials on signal-averaged electrosome 14q23 -q24 (locus D14S42) has been reported in cardiograms, are frequently found. Structural and two families. In the present study, three unrelated functional alterations of the right ventricle can be defamilies with ARVD were investigated. According to tected by echocardiography, angiography, magnetic strict diagnostic criteria, 13 of 37 members were con-resonance imaging, or radionuclide scintigraphy. These sidered to be affected. Linkage to the D14S42 locus was alterations can be localized (dyskinetic bulges, segmenexcluded. On the other hand, linkage was found in the tal dilatation, or hypokinesia) or diffuse. The gold stanregion 14q12-q22 in all three families (cumulative two-dard for diagnosis of ARVD is the histological demonpoint lod score is 3.26 for D14S252), with no recombinastration of a fatty or fibro-fatty substitution of the right tion between the detected locus and the disease gene. ventricular myocardium (McKenna et al., 1994) .
INTRODUCTION
in familial ARVD. The variability of penetrance and clinical expression indicates genetic heterogeneity Arrhythmogenic right ventricular dysplasia (ARVD) (Nava et al., 1990) , suggesting that different genes are is an idiopathic heart muscle disorder, anatomically likely to be responsible for the disease phenotype. characterized by fatty or fibro-fatty infiltration of the Recently, in a large four-generation kindred and in right ventricular myocardium  Mc-another small family, the disease was found to be linked to the polymorphic marker D14S42, which maps to region 14q23-q24 (Rampazzo et al., 1994) . To test 1 To whom correspondence should be addressed at ICGEB, AREA Science Park, Padriciano 99, 34012 Trieste, Italy. Telephone: /39-the hypothesis of genetic heterogeneity, we performed 40-3757326. Fax: /39-40-226555. linkage analysis in three unrelated kindreds with fa- (Fig. 1) . The three kindred were selected Polymorphic microsatellite sequences (CA repeats) with high perfrom a group of six families with ARVD because of their sufficient centages of heterozygosity (Jordan et al., 1990 ; Wang and Weber, informativity, without any other preselection criteria. Thirty-seven 1992; Gyapay et al., 1994) were amplified members were clinically evaluated with electrocardiography using using the polymerase chain reaction (PCR) technique. supplementary chest leads (V4R, V3R, V7, and V8) and with M-PCR amplifications were carried out in 50 ml of a solution conmode, 2D, and Doppler echocardiography . taining Tris-HCl, 10 mM (pH 8.0); KCl, 50 mM; MgCl 2 , 1.5 mM; The evaluation was completed by signal-averaged electrocardiogragelatin 0.01%; each dNTP, 200 mM; each primer, 0.1 mM; 200 ng of phy according to current recommendations (Breithardt et al., 1991) template DNA; and 2.5 units of Taq DNA polymerase (Perkin Elmer, in 16 subjects, by magnetic resonance in 9, by left and/or right venRoche Molecular Systems, Branchburg, NJ), with 40 repetitions of tricular angiography in 8, and by right endomyocardial biopsy in 5. the following cycle: 30 s at 94ЊC, 30 s at the annealing temperature, Postmortem examination was performed in 1 case. For the definition and 30 s at 72ЊC in the Eppendorf Master Cycler 5330. Annealing of the diagnosis and of the clinical status, the criteria proposed by temperatures varied from 52 to 62ЊC, according to the different the ARVD ESC/ISFC task force (McKenna et al., 1994) were strictly primer pairs. PCR products were resolved by a long run on a 10 -applied. In summary, the diagnosis was based on the analysis of six 12% polyacrylamide native gel and visualized by ethidium bromide main groups of diagnostic criteria: (1) global and/or regional dysfunc-staining. All the oligonucleotides were synthesized by the ICGEB tion and structural alterations; (2) tissue characterization of walls; oligonucleotide synthesis service on an Applied Biosystems 380B (3) repolarization abnormalities; (4) depolarization/conduction absynthesizer. normalities; (5) arrhythmias; and (6) familial history. In each group, Linkage analysis. All polymorphisms were scored without knowlmajor and minor criteria were considered: the diagnosis of ARVD edge of phenotypic data and by two independent observers. Twodepended on the presence of two major criteria from different diagpoint and multipoint lod scores were calculated using the LINKAGE nostic groups, of one major plus two minor criteria, or of four minor software package Version 5.2 (Lathrop et al., 1984;  Lathrop and Lacriteria. The clinical status of the affected and unaffected relatives louel, 1985) on a SUN SPARC Server 10-401 computer. For the calcuwas examined periodically during the follow-up. The phenotypic data lation, the existence of an autosomal-dominant ARVD gene with a were interpreted without knowledge of genotype. The age of the unafgene frequency of 0.0001, an equal female and male recombination fected key members was over 20 years.
rate, and equal marker allele frequencies were assumed. In all Genetic analysis. DNA samples from all available family memevents, the results were not significantly affected by modifications bers were extracted according to the salting out procedure (Miller et of allele frequency calculated from families (Boehnke, 1991) at these al., 1988), either from fresh blood samples or from continuous Bloci. Family members under 18 years, with the exception of those lymphocyte cell lines immortalized with the Epstein -Barr virus found to be affected (family B, III-3, and family C, III-5; Table 1 and (Neitzel 1986) . In the case of one deceased patient (family A III-3, Fig. 1 ), were excluded from the study, to avoid the low penetrance Fig. 1 ), DNA was extracted from a paraffin-embedded tissue sample (Jackson et al., 1991) . lod score calculations, the penetrance was assumed to be 100%; how-rized in Table 1 . The mean age at the first symptom ever, to test the stability of the obtained lod values, the maximum was 37, ranging from 12 to 80 (family B, I-2 and IIItwo-point lod scores were recalculated, varying the penetrance from 3, respectively), thus demonstrating the variability of 100 to 90%. The calculations of the two-point lod scores were perexpression. No significant sex difference was detected. The majority of patients suffered from symptoms re-LINK computer program (Ploughman et al., 1989) and the HOMOG lated to complex ventricular arrhythmias at presentaprogram (Ott, 1991) were used, respectively, to verify the appropriate tion. Patient III-3 of family A had isolated right heart linkage power and to test the homogeneity of the series of families failure. Five cases were asymptomatic and were deanalyzed. tected incidentally during the familial screening. The left ventricular cavity was not significantly enlarged in RESULTS any patient. However, cases III-2 and IV-9 of family A developed signs of left ventricular involvement, with Clinical Analysis reduced ejection fraction (43 and 51%, respectively). Transmural fibro-fatty replacement of the right venThree unrelated families of different ethnic origins tricular myocardium was demonstrated at autopsy in with familial transmission of ARVD were analyzed in patient III-3 of family A (Fig. 2) . The presence of relethis study.
vant fibro-fatty substitution was found at endomyocarAccording to the criteria of the ESC/ISFC task force dial biopsy in patients III-2 and IV-9 of family A. Hisfor the diagnosis of ARVD (McKenna et al., 1994) , 13 tology showed aspecific changes in two other cases family members were considered to be affected; of (family A, IV-10, and family B, II-2). Fatty infiltration these, 1 young subject (family A, V-5) developed signs was identified by nuclear magnetic resonance imaging of ARVD during the follow-up. The clinical status of in two affected family C members (II-7 and III-1). another individual (family C, III-5), showing minor abnormalities that were not sufficient for a definitive di-Linkage Analysis for the ARVD1 Locus (14q23 -q24) agnosis, was considered as unknown for the purpose of genetic analysis. In all families, ARVD was inherited Linkage analysis was performed on 33 members of the three families: 14 from family A, 11 from family as an autosomal-dominant trait with age-related penetrance (Fig. 1) .
B, and 8 from family C (Fig. 1 ). Four subjects from family A (III-1, IV-1, IV-6, and V-4) were excluded The clinical features of the 13 patients are summa-/ m4607$3799 12-20-95 19:56:37 gnmas AP-Genomics recombinants were found in family A (IV-2), in family B (III-1 and II-3), and in family C (II-5 and III-6). D14S69 for individual IV-9 of family A. Another obligate recombination event occurred between ARVD and locus D14S262, as shown by the different alleles in from the linkage study according to the results of a individuals III-2 and III-3 compared to that in the other paternity test.
Cumulative and Pedigree-Specific Lod Scores Obtained at Different Values of Recombination Fraction

Linkage of ARVD to 14q12-q22
affected relatives (IV-7, VI-8, and IV-10), thus setting Family members were first examined with a group of the boundaries for the disease gene locus. No recombifive microsatellite markers spread in a region of about 5 nation event was observed within this region. cM (Gyapay et al., 1994; Murray et al., 1994; Cox Ma- To determine the most likely location for the disease tise et al., 1994) corresponding to the region of the locus locus, multipoint linkage analysis was performed using D14S42 (Jordan et al., 1990) , the first identified ARVD five adjacent loci. Multipoint linkage analysis conlocus (ARVD1) (Rampazzo et al., 1994) . The results of firmed the findings of two-point and haplotype analyses two-point linkage analysis are shown in Table 2 , where by placing the disease gene between loci D14S252 and the locus order is based on the Gé néthon map (Gyapay D14S70, with a maximum multipoint lod score of 4.7 et al., 1994) . Two-point linkage analysis led to the ex- (Fig. 3) . These data suggest that the novel gene for clusion of linkage with the ARVD1 locus in our families ARVD is located between the loci D14S262 and with marker D14S61. D14S42 (PIC 0.65) (Jordan et D14S69, in a 15-cM region of chromosome 14, at a disal., 1990) was not informative. Results did not change tance of about 30 cM from the previously reported significantly by varying the penetrance from 90 to ARVD gene (Rampazzo et al., 1994) (Fig. 4) . 100%. Multipoint linkage analysis (data not shown) confirmed the absence of linkage with the ARVD1 region. HOMOG analysis rejected the hypotheses of link-DISCUSSION age and of heterogeneity.
The definitive evidence against linkage with the Recently, a linkage study performed in two families D14S42 locus derived from the haplotype analysis, with ARVD suggested that the disease gene maps to demonstrating several recombinants in the three region q23 -q24 of chromosome 14 and is closely associ-ARVD families. A critical recombination occurred in ated to the marker D14S42 (Rampazzo et al., 1994) . In the first generations of family A, in which affected this report, we present the evidence of a novel locus, members II-2 and II-3 were shown to carry a different ARVD2, localized to the long arm of chromosome 14 in region q12 -q22. allele than that in the other affected relatives. Other / m4607$3799 12-20-95 19:56:37 gnmas AP-Genomics Using stringent clinical and genetic criteria, we stud-A founder effect, with a high concentration of cases in a limited geographic area, was hypothesized in the ied three families of various descent (Italian, Slovenian, and Belgian) with ARVD. The clinical assess-case of the ARVD1 gene (Rampazzo et al., 1994) . However, our data, showing a homogeneous linkage in famiment was based on the criteria recently stated by the ARVD ESC/ISFC task force (McKenna et al., 1994) . All lies with different ethnic origins, suggest that the ARVD2 gene can account for the disease in various families had an autosomal-dominant pattern of transmission.
populations. The possibility of genetic heterogeneity is not surThe results obtained from the genetic study clearly indicate that the previously identified ARVD1 locus is prising in familial ARVD and was previously hypothesized in clinical studies, according to the large variabilnot linked to the disease in these families. In fact, marker D14S42 (which has been linked to the disease) ity of phenotypic expression (McKenna et al., 1994; Nava et al., 1990) . Likewise, genetic heterogeneity has as well as other markers in the same region (corresponding to loci D14S71, D14S76, D14S61, and been found by molecular genetic studies in other myocardial disorders. In familial hypertrophic cardiomyop-D14S74) yield clearly negative lod scores (incidentally, the latter group of markers was also negative even in athy, mutations in chromosomes 1q3 (cardiac troponin T gene) (Watkins et al., 1993; Thierfelder et al., 1994) , the study of Rampazzo et al., 1994) .
By screening the whole of chromosome 14, a novel 11p13 -q13 (Carrier et al., 1993) , and 15q2 (a-tropomyosin gene) (Thierfelder et al., , 1994 have been localization for the disease gene was detected between loci D14S262 and D14S69 (maximum combined lod identified, in addition to more than 15 different mutations in the cardiac b myosin heavy chain gene on chroscore is 4.7), without any apparent recombination event in all these families. This new locus (ARVD2) is located mosome 14. In addition, the genes responsible for another arrhythmic syndrome, the long QT syndrome, approximately 30 cM centromeric to ARVD1.
/ m4607$3799
12-20-95 19:56:37 gnmas AP-Genomics have been mapped to chromosome 11 (Keating, 1992) and very recently also to chromosomes 3 and 7 (Jiang et al., 1994) .
Since not all the markers located in the chromosome 14 candidate region have been physically mapped so far (Murray et al., 1994) , the location of the ARVD2 gene is still approximate. However, the exclusion of linkage to loci MYH7 (14q11 -q12) and D14S42 (14q23 -q24) and the genetic mapping of D14S69 and D14S262 (Gyapay et al., 1994) enable us to locate the ARVD2 gene to 14q12 -q22 (Fig. 4) . This region of chromosome 14 is relatively poor in identified genes, and none of them seems to be an obvious candidate gene (Murray et al., 1994; Billingsley et al., 1994) . Among them, the glycogen phosphorylase gene is related to the glycogen storage disease type VI, leading to a storage heart disease quite different from ARVD. b-Spectrin and a-actinin, other possible candidate genes, were mapped to different regions (14q22 -q24). It is expected that the extension of the analysis to other families and the development of new markers flanking the ARVD2 locus will facilitate a positional cloning strategy to identify the gene and eventually to detect the mutaof the chromosome 14q region containing the ARVD2 locus. In the tions causing the disease.
genetic map, the sex-average recombination fractions are shown beAmong young people, ARVD represents one of the tween adjacent markers. The ARVD2 locus lies between markers first causes of sudden and unexpected death, which can D14S262 and D14S69, physically located in the region 14q12 -14q22.
Distances are given in centimorgans, based on the Gé néthon 1994 even be the presenting event . Due data (Gyapay et al., 1994) .
to the age-related penetrance of the disease, in particular the gene-carriers of young age can appear completely normal at clinical examinations, while being at based on the understanding of the molecular mecharisk of life-threatening arrhythmias. During the follow-nisms that control the cardiac structure and function. up, we observed the development of ARVD in a 19-year-old patient, previously examined and considered
